Degember 21, 1952

Dear Boris:

Thank you for potr note on ay review. Of course a reprint will have
besn reserved for you, and it will be sent as soon as the (very limited)
supply 1s received. I am sure I know what you mean ebout our points of
view-~ bal converge 1s hardliy the corrsct term., liove accurately, perhaps,
the : riglnal dsvelopmont of my omn perspective counld not help but ba pro-
foundly influencad by yours. I do hope something can he done to clear the
alr of a lot of nonsense abont autoreproduction ond virunses vs. plaspagenes.
The ficst puragraph of this review is gquite explicit in diaclaiming original
dnking, and righidy so. If I were to do this apadin todey, T would hope
Lc be abie tv du a zore complete job. Too many of ths issuas were laft
without a Lindshod dlsouwssioa.

I wish I had an opportunity for a more detailed discussion with you and
Harriett abuut this: it is besoming mers certain by the day that there is
& "oridge W clessical genellcs” in our transdustion experients. You might
wll Harrletl thal her guess was righi, thut PA iszalmoet certainly phage
currying genetlc msterfal from one host 4o anothor, but for this same reason
we nave no good evidence on the chamical constituticon of the bacterial
{ragusnis. Only cne case of "linked” iransducticn has comz up so far. Bruce
vlucuer started on 1t this suamer, and I have heen Tollowing it up. 3everal
geuos (Flay, p3eee+/ are involved in the formation of flagella, and most

of them 2re quits distinet from the factors which determine tne H-antigen that
arpesrs when 3 flagellum is produced. Howoxer, FlmL appears to be assoclated
with H. That is, the experiment Fla,” H;® —x  Fla;~ H,” under conditions

of selection for Flal* glves both Hli and Hlb progery, in various prcportions.

A fairly elaborate "backoross" analysis of the Hl progeny through several

generations gives fairly definite ayidinoa that they regult from the coinci-
dental transduction of two factors aﬁl as wall as FPlai ). The association is

very much more frequent than chance expectuation, wheice "linked" transduction.
Unfortunately, the combination Flal‘ Hli in the abova axperiment cannot be

sslected for, so that the proof is, perhaps, incouplets. #e are looking for
other examples, and meanwhile trying to study the determinism of the bii ratio.
I had thought this to be fairly fixed for the FA of a given Fla H™ stock, but
there is apparently scme correlation between the delay in appearance and the
proportions of bi:k in the motile selections. I would guess this to be due to
the interactions of different modifiers carried over in fragments of different
sizes.



As you may surmise, I am beginning to commit myself to a definite theory of
transduction in Salmonella, but I do not take this as more than a gulde to fur-
ther experiments. Phage infection results in a fairly thorough disruption of the
bacterial nucleus, most of which is converédd into phage "muclei'. Some of the
pieces are, however, incompletely digested but are nevertheless incorporised inte
phage particles. (We have some evidence that the same particlss which transduce
also carry lywgenizing capacity). These convey the bacterial fragments to a new
cell, which often escapes death by being lysogenizid. The most ticklish problem
is how the fragment is reincorporated, as it is almost certain that its cld homo-
logue is repluced. ne cuggestion is that the fragment synapses with its hcmologous
segment i LhLe husl ﬂLLl"LU, and is incapordbed into sn intact "chromosome" anly
at subsequent renllsations. I say chrmosome fragment rather than DNA macromolecule;
be 1t as you wish. Howsver, on purely theoretical (but still sound) grounds, I can
see no possibililty of the ronitrol of bacterial heredity by an unorganized menagerie
of determirunts maxi one for each trait, and each independent of the others. Perhaps
it is time to attempt transduction experiments in higher crganisms iith preparations
of isolated cliromosomes.

Zinder, as ycu aey krow,is now at Pockefeller. working with Schnalder. I trust
he will be iustued hecs “Etu Tt Jf hha urqu“p sighificance of DNA in heredity.

Ancther intc:csnxng 1Ln of work ig tne gonatic basis of fligellsr rhase wvarlation
in Salmonella, You cea -Ju.‘u; the nuﬁu:q¢ nistoricnd ieﬁa*’s in Tuploy an? 7ilason's
textbook. 4+t iturns cub that Gyldy ong phase is trunsduciblo zt one tiac, whence two
lOCl, Hy aud U, are asawmsd. fhe 4utuuﬁon ia how 1%t ic dotermined whetber i H or

will be exnreased. I had expépted, perhaps, to find a situstion like Paramscium
wﬁere the cytoplasaic state is débL51va, ani tne underiying gencpypes not altered.
In Salmonella, however, uvaly thq’ﬁhasa that is phenoiypically expresssd is dotec-
table 1n the FA made irom ;t, h the aliternatiye pnase is liastieat in thﬂse
cells. Thac is, ;" H*¥ ~—x H@ H givea oniy Hy' an, and not Hjb Hg or

Hla HX (The phon otvv‘c*l'v gxrressad 5{:;f is widerlinedl. For technical reascns,

I hava not besa abie, go ;ur, o male a iéfucuylj study of ths roie of the phase
of the recipicnt ce.is la oils detomaiaatdon; 1t uppcess not to be cucisive. The
kiod of hypothesis tnat Sudes oub of thils &Q.msn slory s thab the My and Hp

may occur in active or ingctive states, themaglves (and not mxm merely limited in their
final effect, as in Paramseium), for their s s stay with the fr:tors in transduc-
tion. One could conceive/of & cycle from nucleun to cvtopla!m back to nucleus to
account for the stability of the existing state, but this may be straining an already
burdened speculation. This does pose some obvious ‘embryoiogical possibilities, namely
peraistent states of muclear factors as elemsnts id'differentiation, but entirely
distinct from ordinary mutation. The usefulness of ‘this hypothesis for Salmonella

is to suggest experimﬂnts to control the local stataa; this has not yet been dons.

Throughout the above, as I omitted to mention, a -—x b ias shorthand for "FA from
a is applied to b". A secondayy consequence of these exporiments is the construc-
tion of innumerable "snecies' or sarotypes of the Salmonalla group, soms previpusly
named, others not.

To contrast with all of the above, E. coll (K~12 and about 50 others) is still
ngexual”. Tom Nelson is here doing soms phgysiological and kinetic studies with Hfr
strains; if we're lusky, we may have some microscopic facts before toomlong, but
these might not bs so decisive on the question of ssxual mechaniam as might be hopefully
imagined.

To Harristt and youmsself, best wishes for the season and the new year,




A theory of the underlying mechanism of transduction in Salmonella is
beginning to emerge from the experimental facts, but its present status is
not so secure as to be more than a guide for further studies. First, the
FA is almost certainiy carrled by phage particles, as shown not only by
attenpts at physical separation, but by the coincldence in the production
of BA and phage (elther by induction of lysogenic bacteria, or lytic growth of
phege) and by similarities in the the superficial properties in reactions
with antisera and with the binding sites of various bacteria. In addition,
there is a distinot ccrrelation betwesn transduetion and lysogenization, but
the lotter rrocess fa etill very poorly understocd. The phage is regarded as
& pu:rlve vehicle for the genetic material of the bacterium, for the range
of tralts thot o glven phage preparation can transduce is limited by the
genchype - ths bactariz on which the phage has just been grown, and its
previcus hosts lsave no impression after a single cycle of growth on a new
host. The sssoclation ¢f transductlon with phage activity carn be disrupted
by irecatmenl with ultra-viclet light at very high dosee which leaves most
of the transducing activity intact while removing the plamue-forming capacity
of the phoge. Tt 1s doubtful thet there has been a physiacsl sepnraticn of
Fi fros phego, Dub this must £till he verified. It seems mors likely, rather,
thet the sbility of the phage, gua parasite, to multiply in the bacterium
has beesn Impalred without destéroying the mechanica of inoeculation of the
sontente oI the phoge rartisle into the hraggerinm, T4 1s nct surprising that
the "2 "fragusnt” should have n mich small effentive cross-nection than the
intert Lacterium or the virus. Cur information on the intervening steps of
transaucticon Ly vary 1liadted. e know that we tan, in the and, recover a
amall fractiosn of bactzria (ca. 1072 abt most) 4o whieh s new tralt has been
trancducad, and thore is fairly nuhstantial evidance from serologieal work
that the old homolgague is no longsr present. Wa can only spaeculate on the
detsils 3t the presenl tims, With only a single exception ¥llle mentioned
WS the trensductioncof different traits nre entiraly indepsndent.

%y notdonz about transduction asre strongly conditioned ?hnuiyaomo a priori
notlons of goaetls crpanization. Alehnush the zxperimonts seem to show that
tae hacterial genochtype c2n be shattered without destrovine the function of
the 1sclatad perts, I cannct belleve that an orgunism as comniax as a bacterium
can sucvive by virtus of an unorguaiied rosagdrle of deterw:inants, one for
each heritabla unciion. There is therafors tha slcklish problea of reconciling
the dlsorganlsed PA with the organized haetarial senotype, of finding a wmecha-
nism preciss enough to allow for the replacement of holologous determinants.
This problem was not acuta when tranaformation experiments acriied to single
or vary few charasterlatica-—- one can aplogizs for a few varietlies of plaama-
genss diffused throughout the cell— but it is bacoming increasingly clear
that transductions can encompass the entire genotypa, plese by piece. There
is known one meschanism that may have the necessary precision, namely the
synapsis of homologous segments of clromosomes of higher forams at melosis,
and 1t szems almost neceasary to inwoke it here. One can thus postulate that
undigested” shromosome fragments are transported by phage particles to new
host bacteria, that in these bacteria a fragment may synapse with its homologue,
and that it may be incorporated (or be used as a model for) into an intact
chromesoms at a later replication. We have some evidence that many transductions
(of a motility factor) may be abortive, 1.e., the new genetic effect is lost
after a fow cell divisions; it must be kept 1n mind that we usually see only
the succeasea, and the low efficiency of tranaduction leaves a good deal of
room for the fallures. We are still uncertaln of the ghemistry or the genetic
scope of the fragments— a aingle instance of "linked" transduction, as mentioned

tenda against the notion that we are dealing with the isolated genes, whatever
that may mean.



Another line of work that appears to be promising is a study of flagellar
phase varlation in Salmonella-- if yoy wish, you can look up the natural his-
torical details in Topley and Wilson's textbook. The main point is that each
gerotype shows a palr of flagellar antigens, only one of which i3 expressed
at any one time, and between which there is a mutati B-like oscillation at
a rate that may be anywhere from 10™< to perhaps 107 per division. The phase
variation is precisely reversible, i.e., one almost invariably gets back the
initial phass, so that the serotypic formmlas usually present the two alternatives
as, e.g. (S. paratyphi B) h:l,2 meaning a reversible variation from b to 1,2 back to
kB and sc forth. Other types may be, e.g., 1:1,2 (S. typhimurium) or bi:enx {S. abony),
80 that the character of the secdnd phase does not appear at first glance tc be in-
herant in the first. |1 might add that as a medical student, the numerous recombina-
tions of antigens in Salmonella seemed to me a compelling clue of genetic recombina-
tion in bacteria, and that the hope of studying the genetics of phase variation was
a principsl motivation of taking up Salmonella after E. coli].

On the surface, one wuight well expect to fdnd a situation here as in Taramecium,
where the potaatialities for alternative phases would all be laid down in the geno-
type, which does not vary, but whose immediate expression is controlled by extra-
nuclear fsctors, the cytoplasmic state. This 1s not contradicted by the first
finding, that the phases are transduced separately sc that cne gets from an
experiment such as 1:3pR ~-x b:enx 'ithei i:inx or b:1,2 but never i:1,2., This
justifies symbolizing two "loci': e.g., Hl H2 2 >, of which H1 is already mentioned

as linked to Mla,, but it 1s not linked to H,. A paradox only arises when one con-
siders the activitles of FA prepared from either the i or 122 phase alone. Ons would

have expected them to be equivalent, but in fact, i:1,2 ——x bienx glves only i:enx

(where the expressed phase is underlined) and so on. Unfortunately, I d¢ not yet have
suitable material to be entirely sure of the role of the phass of the recipient cells,
but this does not seem to be declsive, The experiments have also been dons in reipro-
eal ordes, namely b:emx ~-x i:1,2 with comparable results. This would seem to indicate
that Hzl is nct represented in the FA from 1:1,2 cells, although it must certainly
be present in some form, as 1t reappears when 1:1,2 is replaced by b, as in a trans-
duction experiment. )

These data must appear confusing, but they are consistent with dne interpretation
(inter alia) which may be more interesting. Uhlike Paramecium, it would appear that
the state of a locus remains with it after it has been transported to another cell.
That i1s to say, there is a local state of activation or suppression, which tends to
persist in heredity, though not indefinitely. One can imagine a steady state cycle
through the cytoplasm and back to the nucleus, but this is somewhat ad hoe at present,
It may be rather diffééult to prove this notion in Salmonella, as we are already leaning
heavily on our tentative conclusions about transduction. However, it may afford another
model for differeantiation (if any more are needed) which is a compromise between
differential mutation and cytoplasmic segregation, both of which are untenable in their
extreme forms. I shall be surprised if this 1s an entirely new suggestlon.

Norton Zinder, as you may know, i1s at Rockefeller now working with Schneider, but
not entirely 1solated from Hotchkiss. I trust he will be well imbued there with
the unique significance of DNA in heredity. Tom Nelson is with us now, doing some
kinetlc and physiological studies with Hfr strains in E. coli recombinatiom. K-12
and some 50 other E, coll stralns are still "sexual", although Larry Mores and Esther
are working on a unique transduction in K-12, whereby a Gal,” marker can be transduced
by lambda, This i1s the &nly trait that seems to work--the main reason it had not been
picked up before. The sexual and transduction mechanisms are still quite distinct:
the former requires the "F+" factor, but not lambda, and the converse. If we are lucky
we may have some microscoplc images of K-12 recombinatlon, but these may not bs so
decisive as might be imagined.

To Harriett and yourself, best wisfes for the season and the new year.



